In highly developed countries, the number of couples who postpone their wish for parenthood for social, economic and/or cultural reasons has been constantly increasing over the last decades. The shift in parental age is associated with an increased use of assisted reproductive technologies and prenatal diagnostics as well as an increased risk for medical problems of the offspring. It is well known that maternal aging leads to a decreased pool of follicles (from approximately 200,000 at menarche to approximately 1000 at the onset of menopause) and an increased rate of aneuploid oocytes \[[@B1]\]. Oocyte aneuploidy can cause fertility problems, spontaneous abortions and children with Down syndrome \[[@B4]\]. Mouse knockout experiments suggest that this maternal age effect is due to an age-dependent loss of cohesins and/or DNA repair proteins in the meiotically arrested oocyte \[[@B5],[@B6]\]. Although the abortion risk of a \>35-year-old woman and a \>40-year-old male is approximately two-times higher than that of a \>35-year-old woman and a younger partner \[[@B7]\], the contribution of paternal factors to reproductive problems of older couples has been largely neglected so far.

Although life-long spermatogenesis can provide a life-long period of male fertility, the developmental potential of sperm from aging men is reduced. Fertilization, blastocyst formation and implantation rates decrease with paternal age \[[@B8]\]. Moreover, advanced paternal age is associated with an increased risk of spontaneous abortions, rare *de novo* dominant conditions and neurodevelopmental disorders such as autism and schizophrenia in the offspring \[[@B9]\]. Recent genome-wide sequencing studies provided compelling evidence for higher *de novo* genetic mutation rates in the offspring of older males \[[@B10]\]. The number of spermatogonial cell divisions prior to spermatogenesis increases from 35 at puberty to 840 at 50 years \[[@B11]\]. During each cell division, not only the DNA sequence but also its epigenetic modifications must be copied to the daughter cells. Considering that the error rate during this copying process is at least one order of magnitude higher for epigenetic information than for genetic information \[[@B12]\], the sperm epigenome can be expected to acquire 10- to 100-times more age-related epimutations than DNA sequence mutations. Mouse studies have associated age-related changes in sperm DNA methylation with alterations in brain gene expression and abnormal behavior in the offspring \[[@B13],[@B14]\], providing a mechanism for transgenerational epigenetic effects. Subsequently, age-dependent sperm DNA methylation \[[@B15]\] and transmission to the offspring \[[@B16]\] were also observed in humans. Similar to father\'s age, paternal obesity also has an impact on sperm DNA methylation \[[@B17],[@B18]\] and offspring health \[[@B19],[@B20]\]. Little is known about possible epigenetic effects of maternal aging. The oocytes and embryos of aged mice displayed genome-wide DNA methylation changes, which may be due to reduced expression of DNA methyltransferases \[[@B21]\].

Deep bisulphite sequencing (DBS) is an amplicon-based next-generation sequencing technique which allows one to determine the DNA methylation levels of many thousands of individual DNA molecules (alleles), each from multiple genes and samples. Here, we have combined DBS with genotyping of informative single nucleotide polymorphisms (SNPs) to distinguish between paternal and maternal allele methylation in fetal cord blood (FCB) samples. Both paternal and maternal age, respectively, can have an impact on allele-specific methylation in the offspring. To study the effects of parental factors on the next generation, we have used imprinted genes as a model. Imprinted genes escape epigenetic reprogramming after fertilization and, therefore, any stochastic or environmentally induced epigenetic changes in the germ cells are directly transmitted to the offspring \[[@B22],[@B23]\].

Methods {#S0001}
=======

Study samples {#S0002}
-------------

The study on FCB samples was approved by the ethics committee at the medical faculty of Würzburg University (number 117/11 and 212/15). Written informed consent was obtained from couples undergoing treatment at the Fertility Center Wiesbaden. All analyzed FCB samples were from newborns conceived through *in vitro* fertilization (IVF) or intracytoplasmic sperm injection (ICSI) in a single fertility center and were collected by collaborating obstetric clinics throughout Germany. The vast majority of the couples undergoing IVF/ICSI treatment were of middle European descent. Only offspring without any medical problems at birth were included in the study. A total of 121 FCBs (including 11 twin pairs) were initially genotyped for each of the six analyzed amplicons in order to identify informative samples. Usually, only one twin from each pair was included. The clinical parameters of the studied samples are listed in Supplementary Table 1 ([Supplementary Table 1](/doi/suppl/10.2217/epi-2018-0059/suppl_file/epi-10-1315-s1.pdf)). Blood samples were pseudonymized and stored at -80°C until further use. Genomic DNA was isolated with the FlexiGene kit (Qiagen, Hilden, Germany). DNA quality and concentration were determined by a NanoDrop 2000c spectrophotometer (Thermo Scientific, MA, USA). Bisulphite conversion of 1 μg aliquots of genomic DNA was performed using EpiTect Fast 96 Bisulphite kit (Qiagen).

Genotyping {#S0003}
----------

To distinguish between parental alleles in informative FCB samples, SNPs with high heterozygosity rate (with the highest minor allele frequency within the region of interest) were identified in the *H19* intergenic differentially methylated region (IG DMR), the *IGF2* DMR0, the *MEG3* IG DMR, *MEST* (*PEG1*), *NNAT* (*PEG5*), and *PEG3* (*PW1*) ([Supplementary Table 2](/doi/suppl/10.2217/epi-2018-0059/suppl_file/epi-10-1315-s1.pdf)). PCR and sequencing primers for bisulphite converted DNA were designed using PyroMark Assay Design 2.0 software (Qiagen). PCRs were performed in 25 μl reactions consisting of 2.5 μl 10× PCR buffer with MgCl~2~, 0.5 μl (10 mM) of PCR grade nucleotide mixture, 0.2 μl (5 U/μl) FastStart Taq DNA polymerase (Roche Diagnostics, Mannheim, Germany), 1.25 μl (10 pmol/ml) of forward and reverse primers (Metabion, Martinsried, Germany), 1 μl (∼25 ng) bisulphite converted genomic DNA, and 18.3 μl PCR grade water. PCR amplifications were carried out with an initial denaturation at 95°C for 5 min, 40 cycles of 95°C for 30 s, primer-specific annealing temperature ([Supplementary Table 2](/doi/suppl/10.2217/epi-2018-0059/suppl_file/epi-10-1315-s1.pdf)) for 30 s, and 72°C for 45 s, and a final extension step at 72°C for 10 min. Pyrosequencing was done on PyroMark Q96 MD system using PyroMark Gold Q96 CDT reagent kit and Pyro Q-CpG software (Qiagen).

Deep bisulphite sequencing {#S0004}
--------------------------

First-round gene-specific PCRs were performed in 50 μl reactions consisting of 5 μl 10X PCR buffer with MgCl~2~, 1 μl (10 mM) of PCR grade nucleotide mixture, 0.4 μl (5 U/μl) FastStart Taq DNA polymerase, 2.5 μl (10 pmol/ml) of forward and reverse primers ([Supplementary Table 3](/doi/suppl/10.2217/epi-2018-0059/suppl_file/epi-10-1315-s1.pdf)), 2 μl (∼50 ng) bisulphite converted genomic DNA, and 36.6 μl PCR grade water. Artificially methylated (0, 50 and 100%) DNA standards (Qiagen, \#59695) were processed along with FCB samples. They served as controls for assessing the reliability of the methylation measurements for each DBS assay/amplicon. PCR products were purified with Agencourt AMPure XP Beads (Beckman Coulter, Krefeld, Germany), quantified using a Qubit Fluorometer and the Qubit dsDNA BR Assay kit (Invitrogen, Karlsruhe, Germany), and diluted to a concentration of 0.2 ng/μl. The six different amplicons for each sample were pooled together and endowed with a unique multiplex identifier (of a total of 48 MIDs). For adapter ligation with NEBNext Multiplex Oligos for Illumina (Dual Index Primers Set 1), A-tailing was performed with Klenow fragment and subsequent ligation with T4 DNA ligase. The final amplification was for sample-specific barcoding. Touchdown PCR thermocycling conditions were adapted to achieve homogenous amplification of varying PCR product sizes. The final PCR pools were purified again with Agencourt AMPure XP Beads and quantified using the High Sensitivity DNA Reagent kit (Agilent Technologies, Böblingen, Germany). The pools for each sample were diluted to a concentration of 4 nM and 3 μl of this dilution from each of the 48 MIDs were pooled together into one final pool.

Next-generation sequencing was performed using the Reagent kit v2 (500 cycles) on the Illumina MiSeq (Illumina, CA, USA) platform following the manufacturer\'s instructions. The sequencing reaction was performed with 250 base pair paired-end sequencing. Illumina Genome Analyzer was used to process the sequence reads and FASTQ files were further analyzed with the Amplikyzer2 software \[[@B24]\], which provides a detailed nucleotide-level analysis including the calculation of CpG methylation rates. Briefly, all sequences were aligned to the genomic sequence of each amplicon using default settings; allele splitting was performed based on the SNPs described above. For the subsequent extraction of reads and CpG-wise methylation status, only reads with an overall bisulphite conversion rate of \>95% were considered. Further downstream processing of Amplikyzer output files and subsequent analyses of methylation rates were performed using in-house R scripts.

Statistical analyses {#S0005}
--------------------

Statistical analyses were performed with the statistical software package R (version 3.2.2; <https://www.R-project.org>). For each amplicon allele-specific methylation β values were obtained for both (paternal and maternal) alleles separately, by averaging the methylation status across the reads and CpG sites for each amplicon. CpG sites outside the imprinted regions as well as sites with a SNP in a large fraction of the samples were removed from further analyses. To estimate the effect of parental age and BMI on fetal methylation, multivariate linear regression models were fitted to the allele-specific β values separately for each amplicon. All models were adjusted for paternal and maternal age and BMI, the sex of the child, and sequence haplotype, as determined by the base at the variant position used to separate the alleles. P-values of \< 0.05 were considered statistically significant.

Results {#S0006}
=======

Parental age & BMI effects {#S0007}
--------------------------

SNP genotyping ([Supplementary Table 2](/doi/suppl/10.2217/epi-2018-0059/suppl_file/epi-10-1315-s1.pdf)) of 121 FCBs (for each locus) identified 46 heterozygous samples each for *H19* IG DMR, *IGF2* DMR0, *MEST*, and *PEG3*, 44 for the *MEG3* IG DMR, and 39 for *NNAT*. Since the total number of MIDs for each amplicon was 48, a maximum of 46 heterozygous samples (the remaining two being controls) per amplicon could be considered for a DBS run. Linear regression models were used for an in-depth statistical analysis of the allele-specific methylation data. The regression coefficients of the final model were adjusted for parental age, parental BMI, fetal sex, and SNP effects.

Based on the informative SNPs, parental allele-specific methylation of three paternally imprinted (*H19* IG DMR, *IGF2* DMR0 and *MEG3* IG DMR) and three maternally imprinted (*MEST, NNAT* and *PEG3*) loci were determined by DBS and plotted against paternal and maternal age, respectively ([Figure 1](#F0001){ref-type="fig"}). For most genes, the parental age-related methylation changes on the paternal and maternal alleles were in the same direction, consistent with additive effects. Methylation of the paternal and maternal *H19, NNAT* and *PEG3* alleles increased with paternal and maternal age, respectively, whereas methylation of the paternal and maternal *MEG3* and *MEST* alleles decreased with parental age ([Figure 1](#F0001){ref-type="fig"}). We observed a trend towards negative correlation (regression estimate -0.001, p = 0.055) between paternal age and paternal FCB allele methylation for the *MEG3* IG DMR and a positive correlation (regression estimate +0.001, p = 0.024) between maternal age and maternal allele methylation for *PEG3* amplicon ([Figure 1](#F0001){ref-type="fig"}). In addition, there was a positive correlation (regression estimate +0.004, p = 0.005) between paternal BMI and paternal *MEST* allele methylation ([Figure 2](#F0002){ref-type="fig"}). *MEST* FCB methylation was not influenced by fetal sex, but strongly by the underlying genetic variation (SNP haplotype), which was accounted for in the regression models.

![**Correlation of paternal and maternal age, respectively, with fetal cord blood methylation of the paternal and maternal alleles.**\
The upper panel shows three paternally imprinted/methylated (*H19* IG DMR, *IGF2* DMR0 and *MEG3* IG DMR) regions and the lower panel shows three maternally imprinted/methylated (*MEST, NNAT* and *PEG3*) amplicons. Each dot represents an informative FCB sample. Regression lines indicate the direction of age-related changes.\
FCB: Fetal cord blood; IG DMR: Intergenic differentially methylated region.](epi-10-1315-g1){#F0001}

![**Effect of paternal BMI on paternal *MEST* allele methylation.**\
The left diagram shows identical BMI effects on paternal allele methylation in female and male FCBs. The right diagram displays the impact of the underlying genetic variation (A vs G SNP) on paternal *MEST* methylation.\
FCB: Fetal cord blood.](epi-10-1315-g2){#F0002}

The single nucleotide polymorphism which is necessary to distinguish paternal and maternal alleles in informative samples was the strongest confounding factor in our analysis. For *H19, IGF2, MEST*, and *NNAT*, the methylation values of both parental alleles were significantly dependent on the SNP haplotype ([Table 1](#T1){ref-type="table"}). For example, all 32 CpGs in the *MEST* amplicon showed a higher methylation on maternally methylated A alleles than on maternal G alleles, whereas paternally unmethylated A alleles displayed a lower methylation than paternal G alleles ([Figure 3](#F0003){ref-type="fig"}). The mean methylation difference between G and A alleles was 11.3% (p \< 0.0001) for the paternal unmethylated, and -3.4% (p = 0.001) for maternal methylated allele in *MEST*. *MEG3* was the only of six studied DMRs, which did not show a significant SNP effect ([Figure 3](#F0003){ref-type="fig"}).

###### **SNP haplotype effects on the allele-specific methylation of imprinted genes.**

  **Gene**        **Parental allele in FCB**   **Sample size**   **SNP effects (G over A) on methylation**           
  --------------- ---------------------------- ----------------- ------------------------------------------- ------- ----------
  *H19* IG DMR    Methylated (paternal)        46                -0.033                                      0.013   0.013
                                                                                                                     
                  Unmethylated (maternal)      46                0.018                                       0.005   0.001
                                                                                                                     
  *IGF2* DMR0     Methylated (paternal)        46                -0.023                                      0.009   0.023
                                                                                                                     
                  Unmethylated (maternal)      46                -0.045                                      0.010   \<0.0001
                                                                                                                     
  *MEG3* IG DMR   Methylated (paternal)        44                0.002                                       0.007   0.732
                                                                                                                     
                  Unmethylated (maternal)      44                -0.009                                      0.014   0.494
                                                                                                                     
  *MEST (PEG1)*   Methylated (maternal)        46                -0.034                                      0.009   0.001
                                                                                                                     
                  Unmethylated (paternal)      46                0.113                                       0.013   \<0.0001
                                                                                                                     
  *NNAT (PEG5)*   Methylated (maternal)        39                0.032                                       0.006   \<0.0001
                                                                                                                     
                  Unmethylated (paternal)      39                -0.102                                      0.018   \<0.0001
                                                                                                                     
  *PEG3*          Methylated (maternal)        46                -0.006                                      0.003   0.035
                                                                                                                     
                  Unmethylated (paternal)      46                0.004                                       0.002   0.059

FCB: Fetal cord blood.

![**SNP effects on allele-specific methylation of the maternally imprinted *MEST* promoter and the paternally imprinted *MEG3* IG DMR.**\
For each gene, the upper panel shows single CpG methylation levels of the methylated allele and the lower panel of the unmethylated allele. A (Adenine) alleles are indicated by blue and G (Guanine) alleles by red dots. All 32 CpGs in the *MEST* target region display a clear SNP effect. Maternally methylated A alleles consistently show a higher methylation than maternally methylated G alleles, whereas paternally unmethylated A alleles show a lower methylation than paternally unmethylated G alleles. In contrast, none of the 8 targeted CpGs in the *MEG3* IG DMR displays a clear SNP effect.\
IG DMR: Intergenic differentially methylated region; SNP: Single nucleotide polymorphism.](epi-10-1315-g3){#F0003}

Allele-specific epimutation rates {#S0008}
---------------------------------

Epimutations are defined as alleles showing \>50% abnormally (de)methylated CpGs. For an unmethylated allele (e.g., paternal allele for *MEST, NNAT, PEG3* and the maternal allele for *H19* IG DMR, *IGF2* DMR0, *MEG3* IG DMR), CpGs displaying \>50% methylation values were considered as epimutations. For a methylated allele (e.g., maternal allele for *MEST, NNAT, PEG3* and the paternal allele for *H19* IG DMR, *IGF2* DMR0, *MEG3* IG DMR), CpGs with \<50% methylation levels were taken as epimutations. Epimutation rates were subsequently calculated by multiplying the number of epimutations divided by the number of reads with 100.

Previously, we have shown that the epimutation rates of the unmethylated allele of the paternally imprinted *MEG3* IG DMR and the maternally imprinted *MEST* promoter are highly variable among individuals, and are significantly higher than those on the respective methylated allele \[[@B25]\]. This was confirmed here for both *MEG3* IG DMR (p \< 0.0001) and *MEST* (p = 0.008) and was additionally detected in the maternally imprinted *NNAT* promoter (p \< 0.0001) ([Figure 4](#F0004){ref-type="fig"}). In contrast, for the paternally imprinted *H19* IG DMR (p \< 0.0001) and *IGF2* DMR0 (p = 0.05), the methylated paternal allele showed a higher epimutation rate than the unmethylated maternal allele. The difference between parental alleles was much higher for the primary *H19* IG DMR than for the secondary *IGF2* DMR0. Unlike all the other studied imprinted genes, the *PEG3* promoter displayed very low epimutation rates on both the parental alleles ([Figure 4](#F0004){ref-type="fig"}).

![**Parental allele-specific epimutation rates of the paternally imprinted *H19* IG DMR, *IGF2* DMR0 and *MEG3* IG DMR and the maternally imprinted *MEST, NNAT* and *PEG3* DMRs in fetal cord blood samples.**\
Blue and red dots indicate the epimutation rates on the unmethylated and methylated alleles, respectively, for a given gene and sample.](epi-10-1315-g4){#F0004}

Discussion {#S0009}
==========

Parental effects on the next generation {#S0010}
---------------------------------------

The developmental origins of health and disease hypothesis suggest that adverse environmental exposures during the periconceptional and intrauterine period increase the life-long risk for complex (metabolic, cardiovascular and other civilization) diseases \[[@B26],[@B27]\]. Moreover, adverse parental factors such as advanced age or obesity can even affect the nonexposed offspring across multiple generations \[[@B28],[@B29]\]. Epigenetic mechanisms in other words, DNA methylation, histone modifications and/or noncoding RNAs, underlying this transgenerational inheritance through gametic epigenetic alterations remain to be elucidated. It is generally assumed that inherited epigenetic modifications can lead to persistent changes in gene regulation and pathways.

In this study, we have used DBS to identify parental effects in the next generation. DBS combined with SNP typing is a very powerful technique to determine parental-allele specific methylation patterns in somatic tissues of the offspring. It is true that a single sperm and a single oocyte cell both transmit binary methylation information at an individual CpG position. Therefore, at first glance, it seems plausible to assume 0, 50 or 100% methylation at an individual CpG site in the diploid zygote and the resulting offspring. However, it is generally the methylation density of several contiguous CpGs in a cis-regulatory region rather than methylation at individual CpG sites that turn a gene on or off \[[@B30],[@B31]\]. The designed DBS assays for imprinted genes analyzed up to 32 CpGs per target region ([Supplementary Table 3](/doi/suppl/10.2217/epi-2018-0059/suppl_file/epi-10-1315-s1.pdf)) across many thousand individual paternal and/or maternal DNA molecules (number of reads per sample) in a single FCB sample. Thus, the methylation value of a given region in a given sample represents the overall mean of several thousand DNA molecules across several CpGs that can display any value between 0 and 100%. At a population level, there is a considerable variation of measured methylation values between individuals and between group differences of a few percentage points. Methylation of the paternal *MEG3* IG DMR allele in FCB was inversely correlated with paternal age, whereas methylation of the maternal *PEG3* allele was positively correlated with maternal age. For both genes, the imprinted (methylated) allele was subject to reprogramming by parental age. The observed effect sizes were small with parental age-related methylation changes in the order of 1--2 percentage points.

*MEG3* is located next to the paternally expressed *DLK1* on chromosome 14q32. Imprinting of the *DLK1--MEG3* locus is controlled by a primary germline IG DMR and a secondary DMR. While the primary IG DMR lies 13 kb upstream in the intergenic region, the secondary DMR lies 1.5 kb upstream of the transcription start site of the *MEG3* promoter \[[@B32]\]. *DLK1* encodes a transmembrane protein, which plays a role in cell differentiation processes and tumorigenesis \[[@B33],[@B34]\]. The *DLK1--MEG3* locus encodes microRNAs and small nucleolar RNAs which are downregulated by methylation in pancreatic islets of Type 2 diabetes mellitus patients \[[@B35]\].

*PEG3* encodes a Krüppel C2H2-type zinc finger protein. It is highly expressed in embryos, placentas and brains, controlling fetal growth and maternal behavior \[[@B36]\]. It is endowed with three alternative promoters upstream of its main promoter and may be controlled by long-range regulatory mechanisms in addition to imprinting. Deletion of the repressed maternal allele of the main promoter leads to an upregulation of promoters on the opposite allele \[[@B37]\].

Human *MEST* is endowed with two promoters generating transcripts with alternative first exons. The imprinted promoter DMR studied here is thought to control the paternal expression of isoform 1, whereas the isoform 2 under control of the second promoter, is biallelically expressed \[[@B38]\]. In FCB studied here, methylation of the paternal promoter DMR positively correlated with paternal BMI. *MEST* is a primary candidate gene for developmental programming of metabolic phenotypes. *Mest* upregulation in mice \[[@B39]\] and *MEST* hypomethylation in humans \[[@B40]\] have been linked to an early overnutritional environment. The imprinted isoform 1 is upregulated in fat tissue of obese individuals in both species \[[@B41],[@B42]\].

Due to our study design, all analyzed FCB samples were from newborns conceived through IVF/ICSI. There is concern that assisted reproductive technology (ART) procedures may affect the methylation status of imprinted genes, leading in rare cases to imprinting disorders \[[@B43]\]. Several previous studies have reported aberrant methylation patterns in the imprinted *LIT1* \[[@B44]\], *PLAG2* \[[@B45]\] and *SNRPN* \[[@B46]\] genes in ART offspring, whereas other studies did not find significant methylation differences between ART newborns and controls \[[@B47],[@B48]\]. In a previous methylome study on FCBs from ICSI children and naturally conceived controls, we found a limited number of ART-associated methylation changes, however, none of them was of large effect size \[[@B49]\]. Moreover, none of the imprinted genes studied here showed a differentially methylated CpG with genome-wide significance. Both the methylation changes observed in our previous genome-wide study \[[@B49]\] and in the present candidate gene study were within the normal range of methylation variation and are not associated with imprinting defects. Although we cannot exclude the formal possibility that some of our findings are restricted to ART children, similar age, BMI and SNP effects are most likely also present in naturally conceived children.

SNP haplotypes influencing methylation signatures {#S0011}
-------------------------------------------------

Although allele-specific methylation of imprinted genes largely depends on parental origin, five out of six studied genes showed significant effects of cis-regulatory sequence polymorphisms. One impressive example was the effect of SNP rs3778859 in the *MEST* promoter ([Figure 3](#F0003){ref-type="fig"}). The A variant of the SNP haplotype was associated with an increased (\>3 percentage points) methylation of the imprinted maternal and a decreased (\>10 percentage points) methylation of the nonimprinted paternal *MEST* allele. For *MEST*, the average methylation difference between parental AA alleles was approximately 15% higher than between GG alleles. This is by far larger than the effect of paternal BMI (this study) or maternal gestational diabetes mellitus \[[@B40]\] on the offspring\'s epigenome. All other studied imprinted genes except *MEG3* exhibited a strong SNP effect. Thus, when studying the possible impact of parental factors on FCB methylation in the next generation, cis-regulatory SNPs must be considered as an important confounding factor.

Previous studies demonstrated that allele-specific methylation (ASM) (affecting mainly nonimprinted genes) is largely determined by cis-acting polymorphisms \[[@B50]\]. One plausible explanation is sequence-specific DNA-binding proteins or other sequence-dependent regulatory mechanisms influencing DNA methylation. Genotype-dependent ASM was associated with allele-specific expression across the human genome \[[@B51]\]. Consequently, the haplotype concept should be extended with epigenetic modifications, yielding epihaplotypes. Genome-wide analyses revealed that ASM is a widespread phenomenon across the genome, enlarging interindividual variation \[[@B52]\]. Overall, our DBS data show that most imprinted genes are subject to ASM. Both methylation of the nonimprinted (unmethylated) and imprinted (methylated) parental allele is more variable than previously thought and influenced by the underlying SNP haplotype.

Allele-specific epimutations {#S0012}
----------------------------

Because DBS generates allele-specific methylation information on thousands of individual DNA molecules of a target gene per sample, it also allows one to determine allele-specific epimutation rates. Imprinted genes are endowed with one methylated (imprinted) and one unmethylated (nonimprinted) parental allele. We have noted previously that regardless of parental origin, the nonimprinted (unmethylated) parental allele usually shows a much higher epimutation rate than the imprinted (methylated) allele \[[@B25]\]. Here, we observed for the first time that an imprinted region, *IGF2* DMR0--*H19* IG DMR, where the imprinted (methylated) allele displayed an increased epimutation rate when compared with the nonimprinted allele, leading to hypomethylation of both DMRs on the paternal allele. Previously, it has been shown that the *H19* IG DMR influences methylation at the *IGF2* DMR0 in cis \[[@B55]\]. Hypomethylation of this DMR0 was associated with biallelic *IGF2* expression and was observed in Wilms tumor \[[@B56]\] and colorectal cancer \[[@B57]\]. Loss of *IGF2* imprinting in normal tissue, in other words, normal colonic mucosa is thought to predispose to cancer \[[@B58]\]. Increased susceptibility of the imprinted *H19--IGF2* allele to epimutations may be the mechanism underlying biallelic *IGF2* expression in 10--20% of blood samples from normal healthy individuals \[[@B59],[@B60]\]. Moreover, the difference between allele-specific epimutation rates was much higher for the primary *H19* IG DMR than for the secondary *IGF2* DMR0 in our data. This supports the idea that similar to the *MEG3--DLK1* region \[[@B25]\], the primary *H19* IG DMR may become at least partially redundant once the imprinting of the secondary promoter DMR0 has been established.

Conclusion {#S0013}
==========

Collectively, our results show that paternal and maternal factors such as age and BMI leave epigenetic signatures on the respective parental allele in somatic tissue of the next generation. Although the observed effect sizes were small (compared with sequence-dependent methylation variation), many more loci susceptible to programming by parental and/or stochastic factor may occur across the genome, contributing to individual phenotypic differences and life-long complex disease risk.

###### Summary points

-   We have combined deep bisulphite sequencing with genotyping of informative single nucleotide polymorphisms to distinguish between paternal and maternal allele\'s methylation in fetal cord blood (FCB) samples.

-   We used imprinted genes as a model to delineate the effects of parental factors on the next generation since these differentially methylated regions (DMRs) are known to escape the epigenetic reprogramming after fertilization and therefore, stochastic or environmentally induced epigenetic changes in the germ cells are directly transmitted to the offspring.

-   We observed a trend towards negative correlation of paternal age with paternal *MEG3* allele\'s methylation and a positive correlation of maternal age with maternal *PEG3* allele\'s methylation in FCBs.

-   We also detected a significant positive correlation between paternal BMI and paternal *MEST* allele\'s methylation in FCBs.

-   In addition to parental origin, we noticed that allele-specific methylation of *H19, IGF2, MEST*, and *NNAT* imprinted DMRs was largely dependent on the underlying genetic variation (SNP haplotype).

-   When epimutations were defined as alleles with \>50% abnormally (de)methylated CpGs, the *MEST, NNAT* and *MEG3* epimutation rates were significantly higher on the nonimprinted unmethylated alleles than on the respective imprinted methylated alleles, leading to hypermethylation of the nonimprinted allele.

-   In contrast, for *H19* and *IGF2* DMRs, the imprinted methylated alleles displayed higher epimutation rates when compared with the nonimprinted unmethylated alleles, leading to hypomethylation of the imprinted allele.

-   Collectively, our results show that paternal and maternal factors leave epigenetic signatures on the corresponding parental allele in somatic tissue of the next generation, although of small effect size compared with sequence-dependent methylation variation.
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